The electrical transport properties of (Ni 0.8 Nb 0.2 ) 100−x Zr x (x = 30, 40 and 50) amorphous ribbons and hydrogen charged specimens were investigated. The amorphous ribbons indicated a negative coefficient in the temperature dependence of their electrical resistivity as well as the typical transport properties of the amorphous alloys with comparatively high values of electrical resistivity, ρ. The normalized temperature coefficient of the resistivity (TCR ≡ 1/ρ 300K ·dρ/dT) tended to increase with increasing x in the temperature range of 100 -300 K. These behaviors would suggest that the transport properties of the present amorphous ribbons were governed by temperature variation of the Debye-Waller factor, not by electron-phonon scattering. The hydrogen charged ribbons obtained by an electrochemical method also showed similar electrical resistivity behaviors as a function of the temperature. However, TCR of x = 40 with hydrogen charged ribbon, in which the amount of absorbed hydrogen was about 14 at%, increased about three times more than that of the pre-charged amorphous ribbon.
Introduction
Ni-Nb-Zr ternary alloys have been known to form a glassy or amorphous phase over a wide concentration region [1] , that is, amorphous alloys can be obtained in the composition range of 20 to 75 at% Ni, 0 to 60 at% Nb and 0 to 80 at% Zr. Glassy alloys are also fabricated in a certain composition range, i.e., 50 to 70 at% Ni, 5 to 35 at% Nb and 5 to 45 at% Zr, and it has been reported that the largest value of the supercooled liquid region is about 50 K for Ni 60 Nb 20 Zr 20 [1] . Yamaura et al. have reported that melt-spun amorphous (Ni 0.6 Nb 0.4 ) 70 Zr 30 alloy exhibits excellent hydrogen permeability of about 1.3 × 10 −8 mol/m-s-Pa 1/2 at 673 K [2] . The influence of hydrogen charging on mechanical properties of these ribbons has also been investigated, and it has been reported that the Vickers hardness gradually increases with increasing hydrogen content up to about 27 at% [3] . Recently, Fukuhara et al. have found interesting electrical transport properties in hydrogen absorbed [(Ni 0.6 Nb 0.4 ) 1−x/100 Zr x/100 ] 100−y H y (30 < x < 50, 0 < y < 20) amorphous ribbons such as superconductivity, electron avalanche behavior and the Coulomb-blockade oscillations [4, 5] . They stressed that localization effect of the hydrogen in the outside and inside space of the distorted icosahedral Zr 5 Ni 5 Nb 3 clusters plays important roles in their various electrical transport properties. In the present study, we fabricated (Ni 0.8 Nb 0.2 ) 100−x Zr x (x = 30, 40 and 50) amorphous alloys, in which the ratio between the Ni and Nb was different from that in the literature [4, 5] and their hydrogen absorbed specimens by an electrochemical method. Furthermore, temperature dependence of the electrical resistivity was measured in temperature range of 6 -300 K.
Experimental Procedure
Master ingots were prepared by arc melting in an argon atmosphere with appropriate amounts of Ni, Nb and Zr elements. Amorphous ribbons were made by a single roller melt-spinning technique in an argon atmosphere, in which the surface velocity of the copper wheel was about 50 m/s and the thickness and the width of the fabricated ribbons were about 25 μm and 1 mm, respectively. Hy-drogen absorbed specimens were made by electrochemical charging in 0.5 M H 2 SO 4 + 1.4 g/L thiourea (CH 4 N 2 S) at room temperature with a current density of about 40 A/m 2 for 2 hours and the use of a Pt electrode. The amount of absorbed hydrogen was measured by an inert gas carrier melting-thermal conductivity method. The structure was examined by an X-ray diffractometer, XRD, with Cu-Κα radiation. Differential scanning calorimetry, DSC, measurements were performed at a heating rate of 20 K/min. Electrical resistivity was measured by the conventional four-probe method in the temperature region of 6 -300 K at cooling and heating rates of about 1 K/min. Figure 1 (a) can be indexed as almost a single phase of the Zr 7 Ni 10 -type structure, a mixed phase of Zr 7 Ni 10 -type and ZrNi-type structures, and also a mixed phase of ZrNi-type and Zr 2 Ni-type structures, respectively, corresponding with the reported ternary phase diagram [6] . The patterns of x = 30, 40 and 50 in Figure 1 (b) show halo-type, indicating an amorphous structure. The position of the largest peaks observed around 2 theta = 40 degree tends to shift to a smaller angle with increasing x, due to the increase of the Zr composition with an atomic radius larger than that of Ni.
Results and Discussion
The differential scanning calorimetry (DSC) heating curves of the melt-spun ribbons for x = 30, 40 and 50 in (Ni 0.8 Nb 0.2 ) 100−x Zr x (x = 30, 40 and 50) are indicated in Figure 2 . It is shown that the all three exhibit a glass transition below the crystallized temperature, T X , as indicated by closed arrows. The glass transition temperatures, T g , for x = 30, 40 and 50 are about 807, 806 and 735 K, respectively, in good agreement with the results reported in the literature [1, 2] . Although both T g and T X for x = 50 are comparatively lower than that for x = 30 and 40, it should be noted that the constituent structures of the mother alloys are different from each other as shown in Figure 1(a) , suggesting that the short-range order of the clusters may be different. In addition, x = 50 is located at the edge of the existing composition range of the glassy alloys in the nonequilibrium phase diagram [1] , indicating that the stability of the glassy state will be low. The stability of the glassy state is often discussed by means of the difference between T X and T g , ΔT = T X − T g . The value of ΔT for x = 50 is smallest and that for x = 40 is largest among the three. Figure 3 shows temperature dependence of the normalized electrical resistivity, ρ/ρ 300K , for pre-charged room temperature (ρ > 150 μΩ·cm) tend to exhibit a negative TCR, whereas, those with low value (ρ < 150 μΩ·cm) show a positive TCR [7] . The obtained TCR in the temperature range of 100 -300 K of the present ribbons of x = 30, 40 and 50 are −1.1, −1.3 and −1.4 × 10 −4 /K, respectively. The T-linear dependence of TCR slightly deviates in the low temperature range and exhibits T 2 -dependence. Various theoretical models for negative TCR have been predicted [8] , the behaviors of TCR for the present specimens of (Ni 0.8 Nb 0.2 ) 100−x Zr x (x = 30, 40 and 50) seem to follow the Baym-Meisel-Cote theory based on the Boltzmann transport equation [9] . In the model, temperature dependence of the electrical resistiveity with non-periodic crystal structure is denoted as follows [9, 10] ,
where, ρ 0 is the residual resistivity, exp[−2W(T)] is the Debye-Waller factor, ρ ph is the phonon term, Λ is the mean free path and q is the wave vector. For the amorphous and quasi-crystals with non-periodic structure, Λ is small, and consequently the second term in Equation (1) is negligible. Therefore, the electrical resistivity is governed by the temperature dependence of the DebyeWaller factor not by the electron-phonon scattering. 
here, ħ, k B , M and Θ are the Plank's constant, the Boltzmann constant, electron mass and the Debye temperature, respectively. In such case, the electrical resistivity shows T 2 -dependence in low temperature range and T-linear dependence in the temperature range above the Debye temperature [12, 13] . Numerical values of the results of the DSC and electrical resistivity measurements are listed in Table 1 . The absolute values of TCR tend to increase with increasing x. Although the reason of the behavior of the negative TCR can be understood from the Equation (1), explanation of the change of the absolute value of TCR depending on the composition is somewhat difficult. Decreasing of W-value will bring about the increasing of the absolute value of TCR. Increasing of Zr content will raise the electron mass, on the other hand, will lower the Debye temperature under the assumption that the crystal structure does not so change. Because cube of the Debye temperature will contribute to W-value, the change of the Debye temperature is speculated to cause the different value of TCR.
The XRD patterns of the hydrogen charged melt-spun ribbons for (Ni 0.8 Nb 0.2 ) 100−x Zr x (x = 30, 40 and 50) are indicated in Figure 4 . All aspects of these patterns are similar to those of the pre-charged ribbons, as shown in Figure 1 (b) while keeping the amorphous structure. The values of the absorbed hydrogen by the electrochemically method for x = 30, 40 and 50 are about 4.9, 13.8 and 2.5 at%, respectively. In the case of (Ni 0.6 Nb 0.4 ) 100−y Zr x (0 ≤ y ≤ 40) amorphous ribbons, it has been reported that the hydrogen permeability increases with increasing y (Zr content) and has been discussed in connection with the enlargement of the atomic spacing [2] . The present case does not follow such behavior, the reason for the smaller amount of the absorbed hydrogen in the specimen with x = 50 than that in the specimen with x = 40 has not been clarified. There may be certain factors that affect sensitivity the amount of absorbed hydrogen, the difference of the composition, the state of the short-range order, the kinds of clusters, the condition of the surface, and so on.
Temperature dependences of ρ/ρ 300K for hydrogen charged ribbons for (Ni 0.8 Nb 0.2 ) 100−x Zr x (x = 30, 40 and 50) are shown in Figure 5 and the values of TCR are −1.0, −3.8 and −1.6 × 10 −4 /K, respectively. The resultant data are listed in Table 2 . TCR for x = 30 and 50, in which the amount of the charged hydrogen is not so much, are similar to those for the pre-charged melt-spun ribbons. However, TCR for x = 40 increases about three times more than that for the pre-charged one, that is, the effect of the hydrogen charging on the behavior of the electrical resistivity is clearly observed. The change of the Debye temperature due to the absorbed hydrogen may cause an increase of the absolute value of the TCR, or some other scattering mechanism may also exist.
Conclusions
The electrical transport properties of (Ni 0.8 Nb 0.2 ) 100−x Zr x (x = 30, 40 and 50) amorphous ribbons and hydrogen charged ribbons were investigated. The amorphous ribbons exhibited a negative coefficient in the temperature dependence of their electrical resistivity as well as the typical properties of the amorphous alloys with a comparatively high value of electrical resistivity, ρ. The normalized coefficient (TCR ≡ 1/ρ 300K ·dρ/dT) tended to increase with increasing x in the temperature range of 100 -300 K. This suggests that the transport properties of the present amorphous ribbons were governed by the temperature variation of the Debye-Waller factor, not by electron-phonon scattering. The hydrogen charged ribbons obtained by the electrochemical method also exhibited similar electrical resistivity behavior as a function of the temperature. However, TCR of x = 40 with hydrogen charged ribbon, in which the amount of absorbed hydrogen was about 14 at%, increased about three times.
